Introduction: Stem cell-based therapies have the potential effectivity in many human diseases including retinal disorders. They have been proven to be safe and effective in a wide range of immune-mediated diseases. Aim of the work: To investigate the effectiveness of ADMSCs in the prevention of retinal damage after induction of diabetes. Material and methods: Forty adult male rats were divided into three groups; Group I: subdivided into negative and positive control. Group II: received a single intraperitoneal injection of STZ (50 mg/kg), freshly dissolved in 0.9% saline solution. Blood glucose levels were measured two days after STZ injection, and rats with glucose levels ≥ 250 mg/dl were considered diabetic and used in the study. Group III: received STZ, in the same previous dose, then the diabetic rats were injected intravenously with 0.5 ml ADMSCs (1×10 7 cells/ml) suspended in phosphate-buffered saline. After four weeks, retinal specimens were prepared for histological and immunohistochemical studies.
INTRODUCTION:
Diabetes mellitus has reached the state of an epidemic in developed countries and in the developing ones; the incidence of diabetes is increasing at still a quicker pace [1] .
Diabetic retinopathy (DR) is the most common microvascular complication of diabetes, and it remains one of the leading causes of blindness worldwide. During the first two decades of disease, nearly all patients with type 1 diabetes and over 60% of patients with type 2 diabetes develop DR [2] .
In diabetic retinopathy, chronic longstanding hyperglycemia results in dysfunction and death of endothelial cells, pericytes and vascular smooth muscle cells resulting in breakdown of the blood-retinal barrier and retinal ischemia from capillary non-perfusion [3] .
Although intravitreal drug therapy and laser photocoagulation are used to treat retinal neovascularization or macular edema that can occur as visually significant complications of these common retinal vascular disorders, no treatment is available for vision loss resulting from retinal ischemia and/or retinal degeneration associated with these retinal vascular disorders [4] . Stem cell-based therapies have the potential effectivity in many human diseases including retinal disorders, and they have been proven to be safe and effective in a wide range of immunomediated diseases [5] .
Adipose derived mesenchymal stem cells (ADMSCs) are easily accessible in abundant quantities and can be collected by a minimally invasive procedure. Adipose tissue-derived stem cells showed properties similar to those of bone marrow-derived mesenchymal stem cells) MSCs(and showed even better isolation reproducibility and higher proliferation capacity [6] [7] . Moreover, ASCs demonstrated four properties that could be helpful in cell therapy: angiogenicity, osteogenicity, immunomodulation and promotion of tissue remodeling [8] .
Therefore, this study was designed to clarify the histological changes that may occur in the retina of adult male albino rats after induction of diabetic retinopathy, and to investigate the preventive effectiveness of ADMSCs in the treatment of retinal degeneration.
MATERIAL AND METHODS

Animals:
Forty adult healthy male Wister albino rats (14-18 weeks) weighing 180 -200 grams each, were used in this study. They were obtained from the breading animal house, Faculty of Medicine, Zagazig University. The experimental protocol was approved by the Zagazig University Research Ethics Committee. The rats were kept in the animal house for one week in stainless steel cages to be acclimatized to the new environment before the experiment. They were maintained in accordance with the guidelines of stem cell research unit in the central laboratory, Zagazig University. Throughout the duration of the experiment, the rats were housed at room temperature with normal light/dark cycles. They were allowed ad-libitum access to food and water.
Drugs and chemicals
-Streptozotocin (STZ) was obtained in the form of vials; each vial contains 1gm streptozotocin, manufactured by EIMC United Pharmaceuticals (EUP) Badr City, Cairo, Egypt.
-Adipose-derived mesenchymal stem cells (ADMSCs) labelled with Paul Karl Horan 26 (PKH-26) (red fluorescence cell linker) were provided from Biochemistry Department, Kasr Al-Ainy Medical School Preparation of adipose derived-mesenchymal stem cells (ADMSCs): Human adipose tissue was obtained from patients undergoing tumescent liposuction. The adipose tissue was washed with Hank's Balanced Salt Solution (HBSS) (approximately 3 ml/g), re-suspended in 0.075% type IA collagenase (Sigma)/HBSS (approximately 2 ml/g), and incubated at 37°C for 1 h. The digested adipose tissue was passed through a 100-μm filter to remove debris and centrifuged at 160 × g for 10 min to obtain a cell pellet. The pellet was re-suspended and washed twice with HBSS. After isolation, 30 ml of re-suspended cells were plated in expansion medium at a density of 5×106 nucleated cells/ 100 mm tissue culture dish and incubated at 37°C in a humidified environment containing 5% CO2. The expansion medium contained 58% DF-12 medium (Dulbecco's modified Eagle's medium/Ham's F-12 medium, Gibco), 40% MCDB (medium complete with trace elements-201, Sigma), 2% FCS (Gibco), 1× insulin transferrin-selenium (ITS, Gibco), 1×10−9mol/l dexamethasone (Sigma), 1× 10-4mol/l ascorbic acid 2-phosphate (Sigma), 20 ng/ml interleukin-6, 10 ng/ml epidermal growth factor (EGF), 10 ng/ml platelet derived growth factor (PDGF)-BB (Sigma), 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco) [9] . Labeling of stem cells with Paul Karl Horan 26 (PKH-26) (red fluorescence cell linker): ADMSCs were harvested and labeled with PKH26 dye [10] . Cells were centrifuged and washed twice in serum free medium. They were pelleted and suspended in dye solution. Retinal tissue was examined with a fluorescent microscope (Olympus BX50F4, No. 7M03285, Tokyo, Japan) to detect and trace the cells stained with PKH26 (Fig. I) . 
Experimental procedure
After one week of acclimatization, the animals were divided into three groups: -Group I (Control group): Included 20 rats that were equally subdivided into two subgroups:
• Subgroup IA (Negative control group): The rats of this group received no treatment.
• Subgroup IB: The rats were injected intravenously through the caudal vein with 0.5 ml ADMSCs (1×10 7 cells/ml) dissolved in phosphate buffered saline [11] .
-Group II (Diabetic group): Included 10 rats that were rendered diabetic with a single intraperitoneal injection of STZ (50 mg/kg) freshly dissolved in 0.9% saline solution [12] . Two days after STZ injection, the levels of blood glucose were measured with an Accu-check Sensor analyzer (Roche, Mannheim, Germany) and diabetes mellitus was confirmed. Rats with glucose levels 250 mg/ dl or more were considered diabetic and used in the study. Blood glucose was monitored throughout the study to ensure that hyperglycemia was maintained and to treat any extreme glycemic levels with insulin. Retinal specimens were taken 4 weeks after establishment of DM [13] .
-Group III (Therapy group): Included 10 rats that were injected with STZ in the same previous regimen then the diabetic rats were injected intravenously through the caudal vein with 0.5 ml ADMSCs (1×10 7 cells/ml) suspended in phosphate-buffered saline [11] . Then, the specimens from rat □ retinae were taken four weeks after stem cell administration.
At the end of experiment, rats were anaesthetized with 200 mg/kg sodium pentobarbital solution intraperitoneally [14] , then both eyes were enucleated and processed for histological examination; one for light microscope examination and the other for electron microscope examination. Samples from the retina were fixed in 10% neutral buffered formalin and processed for preparation of 5 µm thick sections for histological examination; hematoxylin and eosin [15] , toulidine blue for semithin sections [16, 17] and immunohistochemical analysis for caspase-3 [18] . For ultrastructural study, specimens were immediately fixed in 2.5% phosphate-buffered glutaraldehyde (pH 7.4), postfixed in 1% osmium tetroxide in the same buffer at 4°C, dehydrated, and embedded in epoxy resin [15] .
Methods:
1-Light microscopic study:
• Paraffin sections (5 μm thick) stained with (HandE) for examination of overall morphology.
• Immunohistochemical study
Immunohistochemical reactions were carried out using the avidin-biotin peroxidase complex (Dakocompany, Wiesentheid/Bavaria, Germany, Biotin Blocking System, Code X0590) method following the manufacturer's instructions serial sections (4μm) of paraffin-embedded specimens were deparaffinized on charged slides. The sections were incubated in 0.1% hydrogen peroxide for 10 min to block the endogenous peroxidase activity and then incubated with the primary antibody. The primary antibody used for caspase-3 was ready-to-use rabbit polyclonal antibody (CAT-No. RB-3425-R2). The slides were incubated with the secondary anti-rabbit antibody versal kits (Zymed laboratories), diluted 1:200 for 30 minutes, staining was completed by incubation with chromogen, called diamiobenzidine (DAB). Mayer's hematoxylin was used as a counterstain [18] .
2-Electron microscopic study:
Semithin sections (1μm thick) were stained with 1% toluidine blue for light microscopic examination. Ultrathin sections were stained with uranyl acetate and lead citrate [15] , The prepared sections were examined and photographed by JOEL EM 1010 transmission electron microscope at Electron Microscope Research Laboratory (EMRL), Histology and Cell Biology Department, Faculty of Medicine, EL Azhar University. The negative films were developed and printed. In both procedures, developer and fixer were needed.
3-Morphometric study:
The image analyzer computer system Leica Qwin 500 (Leica Ltd, Cambridge, UK) in the image analyzing unit of the Pathology Department, Faculty of Dentistry, Cairo University, Cairo, Egypt, was used to evaluate the thickness of INL and the area percentage (area %) of positive immunoreaction for caspase-3. It was measured from x 400 photomicrographs using Digimizer 4.3.2. image analysis software (MedCalc Software bvba, Belgium). The area percentage of caspase-3 immunostaining was measured by using the NIH Image J (v1.50) program.
4-Statistical analysis:
Statistical analysis was measured for the thickness of INL and the area percentage of caspase-3 immunostaining. Data for all groups were expressed as mean ± SD (X ± SD). The data obtained from the image analyzer and the biochemical data were subjected to SPSS program version 14 (Chicago, Illinois, USA). Statistical analysis using the one-way analysis of variance test was carried out. The results were considered statistically significant as P value was less than 0.05 [19] .
RESULTS
Histological Results:
Group I (Control group):
A -Light microscope examination:
Examination of hematoxylin and eosin-stained sections of the retina of the control rats showed photoreceptor layer (PL), outer nuclear layer (ONL) which contained deeply stained nuclei of rods and cones, outer plexiform layer (OPL) that appeared as a narrow pale zone, and inner nuclear layer (INL). Inner plexiform layer (IPL) appeared as pale zone between INL and ganglion cell layer (GCL). Nerve fiber layer (NFL) was also seen. Fibers of Muller cells were detected in OPL, GCL and NFL (Fig. 1 ).
Toluidine blue-stained semi-thin sections of the control retina revealed different layers that were arranged as following: retinal pigment epithelium layer (RPE), photoreceptor layer (PL) that contained the photoreceptor processes, and ONL which was formed of closelypacked, deeply stained nuclei of rods and cones arranged in rows. The outer plexiform layer (OPL) appeared as a pale-stained loose reticular zone that contained blood capillaries. Inner to the OPL, there was the INL occupied by cell bodies of different neurons, mostly bipolar ones. Muller cells with their irregular shape and deeply stained nuclei were observed. Amacrine and horizontal cells were also seen. Nuclei in the INL appeared larger and paler than those in the ONL. Inner plexiform layer (IPL) appeared as a pale stained area. Ganglion cell layer (GCL) contained large ganglion neurons with lightly stained cytoplasm and vesicular nuclei. Finally, the inner limiting membrane was observed (Fig. 2 A, B and C) .
Immunohistochemically, sections of the control retina showed negative reaction for caspase-3 in cells of all retinal layers (Fig. 3) .
B-Electron microscope examination:
Ultrastructurally, sections in the retina of the control rats showed RPE composed of cuboidal cells with oval nuclei, resting on Bruch's membrane. Numerous invaginations of the basal membranes associated with mitochondria were observed (Fig. 4) .
The outer segments of photoreceptor cells (POS) appeared as elongated, straight, cylindrical structures. They contained flattened, horizontal, lamellar discs formed by infoldings of their plasma membrane. Each disc was composed of a bimembranous layer enclosing a space in between (Fig. 5) . The inner segments of photoreceptor cells (PIS) were long and condensed and contained elongated mitochondria with intact cristae. The outer limiting membrane was observed as an electron-dense line separating the PIS from the ONL (Fig.  6 A and B) . The outer nuclear layer (ONL) was occupied by nuclei of rods and cones with minimal intercellular spaces. Rod nuclei were heterochromatic and surrounded by a thin rim of cytoplasm. However, cone nuclei were less heterochromatic (Fig. 7) . The OPL appeared with ovoid transverse sections in the terminal synaptic process of the photoreceptors, containing round mitochondria (Fig. 8) . The inner nuclear layer contained the nuclei of bipolar and Muller cells. Bipolar cells contained euchromatic nuclei with peripheral hetrochromatin condensation. Muller glial cells were irregular in shape with euchromatic nuclei, RER, mitochondria and cytoplasmic processes ( Fig. 9 A and  B) . The ganglion cell layer contained cell bodies of large multipolar neurons; ganglion cells, with oval euchromatic nuclei, mitochondria and RER. The optic nerve fiber layer contained un-myelinated axons of the ganglion cells. The inner limiting membrane was also observed (Fig. 10 ).
Group II (Diabetic group): A -Light microscope examination:
Hematoxylin and eosin-stained sections in the retina of the diabetic rats showed disruption in the retinal architecture. The photoreceptor layer (PL) revealed loss of some photoreceptor processes, and vacuolation. There were marked thinning of OPL, loss of cells in ONL and INL, and thinning of INL with small dark nuclei. Also, the IPL showed wide spaces between nerve fibers, and few ganglion cells were seen with small dark nuclei ( Fig. 11 A and B) .
Semi-thin sections showed widely separated nuclei in both ONL and INL indicating loss of cells (Fig. 12) .
Immunohistochemically, there was strong cytoplasmic reaction for caspase-3 in ONL, INL, IPL and GCL (Fig. 13) .
B-Electron microscope examination:
Ultrastructurally, retinal specimens of the diabetic retina showed the RPE with poorly-developed basal infoldings and dense bodies. Its cytoplasmic processes projected between the outer segments of photoreceptors (Fig. 14) . Distortion and focal destruction of lamellar discs of the outer segments of photoreceptors were seen (Fig. 15 ). There were wide spaces between photoreceptor nuclei in ONL. Un-myelinated axons and vacuoles were seen in OPL (Fig. 16 ). Many deeply-stained Muller cells with their processes were seen in the INL. Bipolar cells contained mitochondria with distorted cristae (Fig. 17) . Ganglion cells showed irregular dark nuclei and vacuolated cytoplasm (Fig. 18 ).
Group III (Therapy group): 4 weeks after stem cell administration:-
A -Light microscope examination:-
Using fluorescent microscope, examination of sections from the retina, four weeks after stem cell administration, showed distribution of PKH26-labeled cells as bright dots within ONL, INL and GCL (Fig. 19 ).
Hematoxylin and eosin stained-sections of the retina showed improvement of the retinal architecture. There were few spaces between cells in ONL and INL. Ganglion cells were seen with their pale vesicular nuclei (Fig. 20) .
Semi-thin sections showed improvement of the retinal architecture including RPE, outer and inner segments of photoreceptors, ONL, INL, IPL and GCL (Fig. 21 A and B) .
Immunohistochemically, there was negative reaction for caspase -3 in cells of all retinal layers (Fig. 22) .
B-Electron microscope examination:-
Ultrastructurally, the retina of ADMSCs-treated group showed structure nearly similar to the control. There were improved photoreceptor processes with intact lamellar bodies, and narrow spaces between photoreceptor nuclei (Figs. 23 and 24) . The inner nuclear layer showed many deeply stained Muller cells with their processes, and bipolar cells (Fig. 25 ). There were ganglion cells with indented nuclei in GCL (Fig. 26 ).
Morphometric and Statistical Results:
Our results revealed no significant difference between subgroups IA and IB. Therefore, the average of group I was used as a control to be compared with the other groups.
1) Thickness of INL:
Statistical analysis of the thickness of INL (µm) by oneway ANOVA test revealed highly significant difference between the different studied groups as the p value < 0.005. LSD for comparison between groups revealed highly significant decrease in the thickness of INL in group II (diabetic group) as compared to group I (control group) and group III (therapy group). However, there was no statistically significant difference between group III and group I (Tables 1 A, 1 B) .
2) The area percentage of immunoreaction for caspase-3:
Statistical analysis of the area percent of immune reaction for caspase-3 by one-way ANOVA test revealed highly significant difference between the different studied groups as the p value < 0.005. LSD for comparison between groups revealed highly significant increase in area percent for caspase-3 in group II as compared to both group I and group III. However, there was no statistically significant difference between group III and group I (Tables 2 A, 2 B). (TEM X 7200). (TEM X 12000). 
DISCUSSION
In the current study, of ADMSCs were intravenously administered due to the risk of possible endophthalmitis, retinal detachment and hemorrhage associated with repeated intravitreous injections. In addition, the inner limiting membrane may limit the distribution of stem cells in the retina [20] .
Ultrastructurally, the retina of STZ-treated group showed poorly developed basal infoldings of RPE cells. In contrast, other researchers found no change in RPE in diabetic Long-Evans Tokushima Fatty Rats [21] [22] . Also, the retina of diabetic group showed distorted lamellar discs of photoreceptor outer segments. Previous studies reported outer segment disorganization. On the contrary, other authors found that diabetes cause only reduction in the length of rod outer segments [22] [23] .
The retinae of STZ-treated group showed loss of cellular elements in the outer nuclear layer with widely separated nuclei and presence of vacuoles. These vacuoles were attributed to neurodegeneration in the outer retina as a result of hyperglycemia [24] . An evidence of occurrence of apoptosis of few photoreceptors at 4 weeks of diabetes, and increase in their number afterwards was provided [22] . On the other hand, no difference was recorded in the thickness of photoreceptor layer between diabetics and normal subjects [25] . These authors also reported that the outer retina was not significantly influenced by diabetes at least in the early stages of disease, whereas the inner retina was precociously affected. Kern and Berkowitz [26] attributed the photoreceptor loss was less to diabetes than to other differences (including strain differences), and also to duration of diabetes which plays an important role in the process.
Our results also revealed marked thinning in the INL with small dark stained nuclei in the diabetic group which was confirmed statistically as there was a highly significant decrease in the thickness of INL in diabetic group as compared to the other groups. These results were attributed to apoptotic death of inner retinal neurons [27] . Also, neural apoptosis, loss of ganglion cell bodies, glial reactivity and reduction in the thickness of the inner retinal layers in early stages of DR were due to the decay of the neural components affected by the altered biochemical environment including the glucose transport system [28] [29] .
In our work, cells with small dark nuclei were observed in GCL of STZ-treated group. It was reported that inflammation, oxidative stress or exposure to advanced glycation end products might contribute to retinal ganglion cells apoptosis [30, 6, 31] .
Our study provided an evidence for apoptosis in the retina of the diabetic rats as there was strong positive cytoplasmic reaction for caspase-3 in cells of ONL, INL, IPL, and GCL. These results were confirmed statistically as a highly significant increase in area percentage for caspase-3 was observed in the diabetic group as compared to the control. The expression of several pro-apoptosis molecules in retina from human diabetic eyes (caspase -3, Fas, and Bax) was proved [32] . Moreover, it was recorded that the number of active caspase-3-immunoreactive cells was increased in the ganglion cell layer and there was a cumulative loss of retinal ganglion cells and amacrine cells in diabetic mice [33] .
In our study, many deeply-stained Muller cells were observed the diabetic retina. In the same context, it was reported that Muller cells are particularly susceptible to hyperglycemia causing consequent hypertrophy of Muller cells in the earlier stages of DR [34] [35] . Hyperglycemia was found to increase the release of reactive oxygen species (ROS) and the synthesis of diacylglycerol (DAG) increasing the activity of protein kinase C (PKC); a major pathway implicated in changes characteristic of diabetic retinopathy such as increased vascular permeability, neovascularization, endothelial proliferation and apoptosis [36, 37, 38] .
The metabolic and the morphological alterations of Muller cells encouraged secondary progressive neuronal loss, due to the crucial role of Muller cells in mediating relationship between retinal vessels and neurons [39] . Furthermore, the ability of Müller cells (the principal glia of the retina) in the conversion of glutamate released by neurons to glutamine was reduced. consequently, glutamate accumulates to excessive levels leading to uncontrolled influx of intracellular calcium ions causing neurotoxicity [40] .
In contrast with our study, Li and Puro [41] observed increased thickness of INL and OPL in diabetic patients versus controls. They attributed this finding to the hyperplasia of Muller cells in DM which leads to increased number of nuclei that was demonstrated histopathologically. The number of cell nuclei in the INL reached a multiplication factor of 1.6 times, at 20 weeks of DM. It was also suggested that the increased retinal thickness and water content observed in diabetic rats was due to diffuse central edema [42] .
The increased concentrations of cytokines, particularly vascular endothelial growth factor (VEGFA), interleukin (IL)-1β, IL-6, IL-8, tumor necrosis factor (TNF)-α, and monocyte chemoattractant (MCP)-1 in the vitreous of patients with proliferative diabetic retinopathy and diabetic macular edema have a role in the pathology of several diabetic complication [43, 44] . Additionaly, diabetes depletes the content of brain-derived neurotrophic factor (BDNF) in both brain and retina; the growth factor which was suggested to be particularly important for amacrine cell survival in the inner retina [45] .
The present work showed improvement in the retinal structure four weeks after ADMSCs administration. Immunohistochemically, negative reaction for caspase -3 was detected in cells of all retinal layers. These findings were confirmed statistically as there was no significant difference between group III and the control group. Great improvement in the retina of different experimental animals treated with ADMSCs was reported [46] [47] . This improvement was referred to differentiation of ADMSCs cells into endothelial and neural cells with nestin expression and protection of photoreceptors in the diseased retina [48] [49] . ADMSCs expressed insulin, glucagon, and somatostatin suggesting that may participate in the repair of damaged pancreatic tissue and lower blood glucose levels [50] .
Intravenous injection of ADMSCs in the STZ-induced DR rat model demonstrated an improvement in blood glucose levels and blood retinal barrier (BRB) integrity, with few donor cells differentiated into photoreceptor or astrocytes-like cells [20] . In addition, it was reported that the paracrine trophic factors released by ADMSCs play key roles by both stabilizing vasculature, and protecting retinal cells from diabetic damage [51] [52] [53] . In favor of this hypothesis, ADMSCs have been shown to secrete physiologically relevant levels of several anti-apoptotic, anti-inflammatory, and chemotactic proteins which have been shown to mediate some of the beneficial effects of MSC [53] .
CONCLUSION
In our work, ADMSCs was proved to be effective in prevention of retinopathy in experimentally-induced diabetic model of adult male albino rats. This might represent a valuable tool for stem cell-based therapy in the future after clinical trials to adjust dose and ensure patient safety.
